Abstract In this study, we report the sequence, Southern analyses and spatial distribution of four cDNA sequences related to reactive oxygen species (ROS) scavenging systems from a mangrove plant, Acanthus ebracteatus. These four complementary DNA (cDNA) sequences encode cytosolic ascorbate peroxidase (AeAPX), monodehydroascorbate reductase (AeMDHR), glutathione-S-transferase (AeGST), and mitochondrial manganese superoxide dismutase (AeMnSOD), respectively. Experimental results indicated that AeAPX and AeGST belong to multigene families, whereas AeMDHAR and AeMnSOD exhibited substantial differences from other members of the same families. Transcript analyses indicated that all these genes were expressed in flowers. However, only AeAPX, AeMDHAR, and AeMnSOD were expressed in all tissues examined. Although both AeMDHAR and AeMnSOD were highly expressed in flowers, the highest expression of AeMnSOD was in the leaf tissue. The expression of AeMDHAR and AeMnSOD in stem was slightly higher than in the root.
Introduction
Reactive oxygen species (ROS) are continuously produced as by-products of various plant metabolic pathways in chloroplasts, mitochondria, and peroxisomes (Bohnert and Sheveleva 1998) . ROS are involved in photosynthesis regulation, stress perception, pathogen response, programmed cell death, hormone action, growth and development in plants (Mittler 2002, Apel and Hirt 2004) . ROS are also important as signaling molecules (Mittler 2002) . The production of ROS in cells increases during biotic and abiotic stresses, as does the level of ROS-induced damage. Elevated production of ROS can seriously disrupt cellular homeostasis and normal metabolisms through oxidative damage to lipids, protein, and nucleic acid (Meloni et al. 2003) .
Superoxide radicals, O implicated in the modulation of ROS for signaling (Mittler 2002) . Detoxification of H 2 O 2 to H 2 O by APX occurs through the oxidation of ascorbate to monodehydroascorbate (MDHA). MDHA is used for the regeneration of ascorbate by MDHA reductase (MDHAR) using NAD(P)H as reducing equivalents. Alternatively, MDHA can dismutase spontaneously into dehydroascorbate, which reacts with glutathione (GSH) to produce ascorbate and oxidized glutathione (GSSG) in a reaction catalyzed by dehydroascorbate reductase. Singlet oxygen and hydroxyl radicals are scavenged in the glutathione pathway or eliminated by nonenzymatic antioxidants, e.g., vitamin E and carotenoids (Bray et al. 2000) . The elucidation of roles for these antioxidant enzymes was complicated by the existence of multiple isoforms of each enzyme (isozymes), where each isozyme may protect plants against a subset of antioxidant stresses. For example, SODs can be classified into three groups, FeSOD, MnSOD, and Cu-Zn SOD, according to their metal cofactors (Alscher et al. 2002) . These SODs demonstrated differences in their responses to different stresses, which correlated with their disparate subcellular locations, as well as the spatial distribution and sites of action of various oxidative stresses (Alscher et al. 2002) . Similarly, APX isozymes are localized in distinct cellular compartments: chloroplast, microbody (glyoxysome and peroxisome), cytosol, membrane, and mitochondrial-membrane (Shigeoka et al. 2002) . Some of these isozymes are responsive to environmental changes, providing important protection to cellular compartments, while also strictly control the level of H 2 O 2 for intracellular signaling. Meanwhile, MDHAR and glutathione S-transferase (GST) are also present as multiple isozymes. Different GST isozymes were reported in different tissues and induced by different stresses (Dixon et al. 2002) . The differences demonstrated by these isozymes of antioxidant genes in terms of cellular localization, spatial distribution, and their responses to different stresses may correlate with the sites of various oxidative stresses.
Mangroves are a group of taxonomically diverse woody plants that dominate tropical and subtropical tidelands (Tomlinson 1986) . These plants survive harsh environmental stresses, including elevated salinity, high temperatures, strong winds, extreme tides, and muddy anaerobic soils, which are strong inducers of ROS production in other plant species (Kathiresan and Bingham 2001) . Parida et al. (2004) suggested that the mangrove species, Bruguiera parviflora, was protected against ROS by elevated levels of antioxidative enzymes, such as APX, guaiacol peroxidase, glutathione reductase, and SOD. The gene expression of Cu-Zn SOD, catalase, and ferritin from another species of mangrove, Avicennia marina, was induced by iron, light, and oxidative stresses, suggesting their involvement in stress responses (Jithesh et al. 2006) . The effect of salinity stress on antioxidant enzymes was also monitored in mangrove plants (Ashihara et al. 1997; Cherian et al. 1999) . A decline in total SOD activity in roots and shoots, but an increase in total SOD activity in leaves in response to increased salinity was reported in A. marina (Cherian et al. 1999) . However, constitutive expression of Cu/Zn SOD with increased salinity stress was reported in the same species (Jithesh et al. 2006) , indicating that different isozymes may possess different functional roles in response to stress. To avoid confusion and contradictory results, specific analysis of the different isozymes is necessary. Comprehensive analyses of different antioxidant isozymes having disparate subcellular localizations and spatial distribution are required for dissecting the molecular mechanisms of ROS scavenging and signaling that occur at various sites of oxidative stress.
In this study, we report the sequence, prediction of subcellular localization, spatial distribution, and Southern analyses of four cDNA sequences related to ROS scavenging from a mangrove plant, Acanthus ebracteatus. The information on subcellular locations and spatial distribution of these antioxidant proteins is important for comprehensive analysis and characterization of ROS scavenging and signaling mechanisms in various plant compartments and tissues.
Material and methods

Plant materials
Samples were collected from the mangrove forest at Morib, Selangor, Malaysia (02°45.808′ N; 101°26.143′ E) at midnoon on February 24, 2002 and November 8, 2004 , with tides at 2.5-3 m, respectively. Young leaf, flower bud, stem, and root tissues of A. ebracteatus were collected from several plants that had their roots submerged in seawater. The salinity of seawater at the collection site was approximately 30 parts per thousand (ppt) at the immediate subsurface. The root tissues were collected in bulk, washed to remove mud, and rinsed briefly with distilled water to remove contaminating species. All tissues were frozen in liquid nitrogen and stored at −80°C.
RNA isolation
Total RNA was extracted as described by Nguyen et al. (2006) . The frozen tissues were ground in liquid nitrogen to a fine powder and transferred to extraction buffer (4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% (w/v) N-lauryl sarcosyl, 1% (w/v) polyvinyl pyrrolidone, and 1% (v/v) β-mercaptoethanol) and chloroform/isoamylalcohol (24:1) in a ratio of 1:9:9. The aqueous layer was extracted with phenol/chloroform/isoamylalcohol (25:24:1) until a clean interface was obtained. The upper aqueous phase was transferred and mixed with 0.1 volume of 3 M sodium acetate, pH 5.2, and 2.5 volume of absolute ethanol before incubation at −80°C for 90 min. Upon centrifugation and resuspension of nucleic acids in distilled water, lithium chloride (10 M) was added to a final concentration of 2 M to precipitate the RNA. The RNA pellet was then washed with 250 μl 70% (v/v) cold ethanol and dried before it was dissolved in 50 μl of RNase-free distilled water.
Sequence analysis
Phagemids containing cDNAs for AeMnSOD, AeAPX, AeMDHAR, and AeGST were identified as expressed sequence tags (ESTs) from a cDNA library of A. ebracteatus (Nguyen et al. 2006) . Phagemid DNA was isolated by using alkaline lysis method (Sambrook et al. 1989 ) and sequenced using an ABI PRISM 377 DNA automated sequencer (Applied Biosystems, USA). Nucleotide analysis and predicted amino acid sequence alignment were performed using BioEdit version 7.0.5.2 (Hall 1999 ). The subcellular localizations were predicted from the inferred amino acid sequence using PSORT and iPSORT (http://psort.nibb.ac.jp/).
Southern and northern hybridization
Genomic DNA from A. ebracteatus was prepared as described by Doyle and Doyle (1991) . For Southern hybridizations, 20 μg of DNA was digested with BamHI, EcoRI, EcoRV, HindIII, NotI, and XbaI, respectively; and fractionated on 0.8% (w/v) agarose gel before blotting onto Hybond N + nylon membrane (Amersham Bioscience, USA). The DNA probes were synthesized from polymerase chain reaction (PCR)-amplified DNA fragments using T3 and T7 primers, and labeled with biotin-14-dCTP (Invitrogen, USA). Hybridization was performed at 65°C in 5× Denhardt's solution, 5× SSC, 0.5 M sodium phosphate buffer (pH 7.2) overnight. Washing was carried out in 2× SSC, 0.1% (w/v) sodium dodecyl sulfate (SDS) for 5 min at room temperature twice, followed by 0.5× SSC, 0.1% SDS (w/v) for 15 min at 65°C twice, and 0.1× SSC, 0.1% SDS (w/v) for 15 min at 65°C. Detection was performed using streptavidine-alkaline phosphatase (Promega, USA) and the chemiluminescent substrate, CDP-Star, according to the manufacturer's instructions (Roche, Germany). For northern analyses, 20 μg of total RNA from root, stem, leaf, and flower tissues of A. ebracteatus were subjected to electrophoresis on 1.5% (w/v) formaldehyde agarose gels. Hybridization, washing, and detection of Northern blots were performed as described for Southern analyses. The intensities of the hybridization signals were quantified using Quantity One ® 1-D Analysis Software (Bio-Rad, Hercules, CA, USA). Background intensities were subtracted from the hybridization intensities before correction for the amounts of total RNA loaded. The relative loading of total RNA was assessed by comparison of signal intensities for the 18S rRNA bands in each lane. The relative values for transcript bands were calculated in comparison to the lowest intensity band on the same blot.
Results
Four partial cDNA sequences encoding gene products related to ROS scavenging-AeMDHAR (monodehydroascorbate reductase, DW522045), AeAPX (L-ascorbate peroxidase, DW522037), AeGST (glutathione-S-transferase, DW522326), and AeMnSOD (manganese superoxide dismutase, DV668525)-were identified in our previous study of ESTs from A. ebracteatus (Nguyen et al. 2006) . Sequencing of the corresponding cDNA clones revealed that three of them (AeAPX, AeMDHAR, and AeGST) contained complete open reading frames (ORFs) for their encoded proteins, whereas, the ORF of AeMnSOD appeared to be lacking the translational start codon compared to homologs from other species.
The full-length sequence of AeAPX is 1,034 bp in length (GenBank accession no. EF031031). The ORF of AeAPX is flanked by 52 nucleotides at the 5′-end and 230 nucleotides at the 3′-end. The deduced amino acid sequence is 250 amino acids in length with a predicted protein size of 26.7 kDa. By homology, this protein was predicted to be a cytosolic form of APX. Alignment of amino acid sequences for the homologs from plant species having the highest amino acid sequence identities to AeAPX revealed that it has 84-90% sequence identity to APXs from Rehmania glutinosa, Capsicum annum, Nicotiana tabacum, and Lycopersicon esculatum (in descending order). The activesite signature for cytosolic APX was present at amino acid residues 33-44 (APLMLRLAWHSA), together with the proximal heme-ligand motif (H region, DIVALSGGH) between amino acid residues 155 and 163 (Fig. 1) .
AeMDHAR (GenBank accession no. EF031032) is 1,595 bp in length and contains an ORF that encodes a protein of 434 amino acids having a predicted molecular weight of 46.6 kDa. The 5′-UTR and 3′-UTR of AeMDHAR are 89 and 202 nucleotides long, respectively. The amino acid sequence of AeMDHAR was 82-85% identical to MDHARs from Solanum lycopersicum, Mesembryanthemum crystallinum, Vitis vinifera, and Cucumis sativus (in descending order). The predicted amino acid sequence of AeMDHAR possesses three putative regions that may be involved in the binding of FAD or NAD(P)H (Fig. 2) . Localization prediction software found no mitochondrion or chloroplast targeting sequences.
AeGST (GenBank accession no. EF031033) is 781 bp in length. The ORF of AeGST containing 745 nucleotides is flanked by 4 and 132 nucleotides at the 5′-end and 3′-end, respectively. The predicted protein of 23.9 kDa (215 amino acid residues) shared 59-62% sequence identity with the homologous enzymes from S. commersonii, Hyoscyamnus muticus, S. tuberosum, and Capsicum chinense (in descending order, Fig. 3 ). The AeGST sequence contained no identifiable mitochondrion or chloroplast targeting sequences.
AeMnSOD (GenBank accession no. EF031034) is 786 bp in length with an ORF apparently lacking only the translational start codon and any 5′ untranslated sequence. It has a 3′-UTR of 111 nucleotides. The 224 deduced amino acid residues showed 81-88% sequence identity to MnSODs from Digitalis lanata, A. marina, Thellungiella halophila, and Prunus persica (in descending order). Only AeMnSOD has had a sequence homolog from another mangrove species (A. marina). Full-length sequences for APX, MDHAR, and GST have not been reported from other mangrove species, although partial cDNA sequences from A. marina were present in the EST database (dbEST; www.ncbi.nlm.nih.gov/dbEST/). The manganese and iron SOD signature was detected in the AeMnSOD sequence (Fig. 4) , and prediction software suggested that AeMnSOD would localize to the mitochondrion. Southern analyses suggested that AeAPX and AeGST belonged to gene families having several closely related members, whereas AeMDHAR and AeMnSOD hybridizations suggested substantial differences from other members of their families (Fig. 5) . The DNA fragments of high molecular weight that hybridized with AeMDHAR might be genomic DNA fragments that were only partially cleaved by restriction enzymes. We excluded the possibility of non-specific hybridization of AeGST to unrelated genomic sequences as the result was consistent under high stringency hybridization and washing conditions.
Northern analyses indicated that all four genes were expressed in flowers (Fig. 6) . However, only AeAPX, AeMDHAR, and AeMnSOD were expressed in all tissues examined. Although both AeMDHAR and AeMnSOD were highly expressed in flowers, the highest expression of AeMnSOD was in the leaf tissue. The expression of AeMDHAR and AeMnSOD in stem was slightly higher than in the root. AeAPX was expressed at low levels in root and stem tissues, whereas its expression in leaf was Fig. 1 Comparison of deduced amino acid sequences of ascorbate peroxidase from Acanthus ebracteatus (AeAPX) and other organisms: Rehmania glutinosa (GenBank accession number: AAS19934), Capsicum annum (GenBank accession number AAL83708), Nicotiana tabaccum (GenBank accession number BAA12918), and Lycopersicon esculatum (GenBank accession number AAX84654). The conserved residues are indicated by black and similar residues are indicated by gray. The active-site signature and the proximal heme-ligand motif are underlined and labeled as A and H, respectively slightly higher than in the flower. Transcripts for AeGST were not detected in root and leaf, but its expression was almost the same in the stem and the flower. 18S rRNA was used as a loading control for blots because the hybridization signals for a housekeeping gene such as actin were not expressed at equal levels in all the tissues tested. This was confirmed independently by real-time PCR (data not shown). Fig. 2 Comparison of deduced amino acid sequences of monodehydroascorbate reductase from Acanthus ebracteatus (AeMDHAR) and other organisms: Solanum lycopersicum (GenBank accession number AAC416541), Mesembryanthemum crystallinum (GenBank accession number CAC82727), Vitis vinifera (GenBank accession number ABQ4114), and Cucumis sativus (GenBank accession number BAA05408). The conserved residues are indicated by black and similar residues are indicated by gray. The three putative regions that may be involved in the binding of FAD or NAD(P)H are underlined Fig. 3 Comparison of deduced amino acid sequences of glutathione-S-transferase from Acanthus ebracteatus (AeGST) and other organisms: Solanum commersonii (GenBank accession number AAB65163), Hyoscyamus muticus (GenBank accession number CAA55039), Solanum tuberosum (GenBank accession number ABQ96852), and Capsicum chinense (ABQ96853). Dashed lines are gaps introduced to maximize alignments. The conserved residues are indicated by black and similar residues are indicated by gray Fig. 4 Comparison of deduced amino acid sequences of manganese superoxide dismutase from Acanthus ebracteatus (AeMnSOD) and other organisms: Digitalis lanata (GenBank accession number CAC05259), Avicennia marina (GenBank accession number AAN15216), Thellungiella halophila (GenBank accession number ABL75952), and Prunus persica (CAB56851). Dashed lines are gaps introduced to maximize alignments. The conserved residues are indicated by black and similar residues are indicated by gray. The manganese and iron SOD signature is underlined. The cleavage site of mitochondrion targeting sequence is indicated by an arrow
Discussion
The transcripts of these antioxidant genes were present in all tissues examined, indicating that ROS scavenging may be a mechanism widely employed by A. ebracteatus. However, the relative transcript levels varied in spatial distribution and with respect to predicted subcellular localization, suggesting that these four antioxidant enzymes are unlikely to all be involved with the same sources of oxidative stress. The predicted presence of antioxidant systems in different subcellular compartments highlights the complexity of these systems in plants. Similar to other MnSODs that are usually located in the mitochondrion, AeMnSOD was predicted to contain a mitochondrial targeting sequence at its N terminus. The high levels of transcripts encoding this enzyme may reflect a particularly great need to prevent mitochondrial membrane damage in mangrove tissues. The SOD isoforms in Arabidopsis thaliana were sufficiently distinct in sequence that they do not cross hybridize with each other (Alscher et al. 2002) . This was also demonstrated in our study where AeMnSOD exhibited substantial differences from other members of SOD.
The protection provided by MnSOD has been shown to be dependent on other enzymes, such as MDHAR, being present at elevated levels (Slooten et al. 1995) . Despite the fact that transcript levels for AeMDHAR were elevated in flowers as were those for AeMnSOD and AeMDHAR was not predicted to localize in the mitochondrion or chloroplast. This suggests that another MDHAR isozyme may be present in the mitochondrion of A. ebracteatus. The amino acid sequence of AeMDHAR consists of a C-terminal tripeptide (TKL) that resembles the -SKL motif of peroxisomal targeting signals (Olsen and Harada 1995) .
Most plant genomes encode at least two cytosolic APX in plants (Santos et al. 1996; Jespersen et al. 1997) , which is consistent with our result showing that AeAPX belongs to a gene family with several gene members. Cytosolic APX has been demonstrated to be inducible under extreme light or heat stress conditions (Karpinski et al. 1999; Panchuk et al. 2002) , and differences in transcript accumulation were found for the cytosolic APX isozymes in rice that were Fig. 6 Northern analyses of four reactive oxygen species scavenging genes from Acanthus ebracteatus. Total RNA (20 μg) from root, stem, leaf, and flower tissues was hybridized with AeAPX, AeMDHAR, GST, and AeMnSOD, respectively. rRNA was used as loading reference for the amount of total RNA examined. The numbers above the figure indicate the relative intensity compared to the lowest intensity in the same blot; '-'indicates no signal Fig. 5 Southern analyses of four reactive oxygen species scavenging genes from Acanthus ebracteatus. Genomic DNA (20 μg) digested with BamHI, EcoRI, EcoRV, HindIII, NotI, and XbaI (lanes 1-6, respectively) was hybridized with AeAPX, AeMDHAR, GST, and AeMnSOD, respectively expressed in roots (OsAPx1) or shoots and roots (OsAPx2) (Teixeira et al. 2006) . In contrast, transcripts for AeAPX were detected at more or less constitutive levels in all tissues examined, perhaps reflecting a metabolic situation related to the highly saline environment of mangroves, Sequence analysis suggests that the AeGST may belong to phi GST class, which is plant-specific. The Arabidopsis genome contains 48 GST-like genes (Dixon et al. 2002) , so it is not surprising that Southern analysis showed the A. ebracteatus genome also contains many copies of GST or GST-like genes. Varied spatial distribution of GST isozymes in different tissues has been reported (Sari-Gorla et al. 1993) . The inducibility of phi-GSTs by stresses, e.g., osmotic stress and extreme temperature, is a characteristic feature of these genes (Marrs 1996) , indicating their roles in the detoxification of metabolites generated by oxidative stresses. The cDNA sequences, predicted subcellular localizations, Southern analyses, and spatial variation in transcript levels of these four A. ebracteatus genes related to ROS scavenging are provocative for our understanding of oxidative stress responses in A. ebracteatus. However, additional follow-on studies, such as those to test predictions of subcellular localization, will be required.
Transcriptional results for these genes, substantiated by studies of protein or enzyme activities will also be required. However, the development of specific antisera or specific enzyme assay methods for different isozymes will be required before such experiments are feasible. In fact, polyclonal antisera have been developed against a few functionally diverse Arabidopsis SOD isozymes for this purpose (Kliebenstein et al. 1998) . A better understanding of the roles of these genes will eventually be achieved through a combination of biochemical, molecular, and gene 'knock-out' analyses. 
